a ZnO nanoparticles (NPs) synthesized by pulsed laser ablation (PLAL) of a zinc plate in deionized water were investigated by time-resolved photoluminescence (PL) and complementary techniques (TEM, AFM, mRaman). HRTEM images show that PLAL produces crystalline ZnO NPs in wurtzite structure with a slightly distorted lattice parameter a. Consistently, optical spectra show the typical absorption edge of wurtzite ZnO (E g = 3.38 eV) and the related excitonic PL peaked at 3.32 eV with a subnanosecond lifetime. ZnO NPs display a further PL peaking at 2.2 eV related to defects, which shows a power law decay kinetics. Thermal annealing in O 2 and in a He atmosphere produces a reduction of the A 1 (LO) Raman mode at 565 cm À1 associated with oxygen vacancies, accompanied by a decrease of defectrelated emission at 2.2 eV. Based on our experimental results the emission at 2.2 eV is proposed to originate from a photo-generated hole in the valence band recombining with an electron deeply trapped in a singly ionized oxygen vacancy. This investigation clarifies important aspects of the photophysics of ZnO NPs and indicates that ZnO emission can be controlled by thermal annealing, which is important in view of optoelectronic applications.
Introduction
Zinc oxide is a wide band gap semiconductor with great potential for a variety of practical applications, such as piezoelectric transducers, photovoltaics, transparent electrodes, gas sensors, bioimaging probes, drug delivery, light emitters and photocatalysis. [1] [2] [3] [4] [5] [6] [7] In fact, its direct band-gap (3.37 eV in bulk form) and large exciton-binding energy (60 meV) 1 make ZnO especially promising for photonic applications in the UV or blue spectral range even at room temperature. A great variety of chemical and physical methods have been used to produce ZnO NPs (chemical reduction of metal ions, sputtering, molecular beam epitaxy and electron beam deposition). [8] [9] [10] Among them, pulsed laser ablation in liquids (PLAL) offers a simple and versatile route to synthesize NPs of extremely high purity. [11] [12] [13] [14] [15] [16] [17] [18] In this technique, NPs form by interaction between a bulk target immersed in liquid medium and a pulsed laser beam; in particular, ZnO NPs can be produced by ablating a zinc metal plate in water. 2, 19, 20 Hence, the ablation conditions play the most significant role in controlling the morphology and properties of the nanoparticles. By changing laser photon energy, fluence, pulse duration, solvent and solute, different morphologies and structures can be obtained. 16, [21] [22] [23] In addition to the near-UV excitonic emission peak (3.3 eV), ZnO exhibits visible luminescence in the yellow-orange region which has been assigned to interstitial oxygen and dislocation, as well as Li dopants 1 and another emission in the green region, the origin of which is not conclusively settled. [24] [25] [26] It should be noted that the reported peak position of the green emission differs from one study to another (2.2-2.4 eV) 26 and different positions, in some cases, are assigned to different defects. 24 Proposed hypotheses on the origin of this green emission include zinc vacancies, oxygen antisites, oxygen vacancies and surface defects. 3, [26] [27] [28] [29] [30] [31] [32] [33] For example, zinc vacancies were related to green PL at 2.3 eV in bulk ZnO comparing the PL spectra for the samples with different Zn and O implantations, 31 instead, oxygen antisites were assumed to explain PL at 2.4 eV in ZnO films based on the increase of green PL caused by annealing in O 2 . 32 Anyway, the most common attribution remains the singly ionized oxygen vacancy based on the correlation between structural properties and green PL intensity. [27] [28] [29] 34, 35 In particular, two likely mechanisms for the ZnO visible emission have been suggested: one is the recombination of a shallowly trapped electron with a hole in a deep trap, 34, 36 and the other is the recombination of an electron in singly occupied oxygen vacancies with a photo-generated hole in the valence band. All experiments reported so far to study the optical properties of ZnO NPs lack a complete characterization with time-resolved PL measurements, which is mandatory to obtain a comprehensive view of the photophysics of luminescence defects or excitons and, in particular, of the emission mechanism responsible for the green PL. A thorough understanding of the origin of the PL signals is needed to control the emission capabilities of ZnO NPs produced by PLAL, which is important for optoelectronic applications. To this aim, one needs to obtain a thorough picture of the structural, morphological and optical properties of the produced ZnO NPs, a task which can only be achieved combining several experimental techniques. Moreover, thermal treatments in a controlled atmosphere can be used as an additional method to give more information.
In this work we investigate ZnO NPs produced by PLAL of a zinc plate in water by an experimental approach based on the use of time-resolved luminescence and complementary techniques, such as transmission electron microscopy (TEM), atomic force microscopy (AFM), mRaman, thermal treatments in controlled atmospheres, used to probe the morphological and structural properties, thus providing a solid support to discuss the origin of the observed PL bands.
Experimental methods
The synthesis of ZnO NPs was carried out by ns PLAL. A zinc plate with a thickness of 0.5 mm, used as a target, was placed at the bottom of a vessel containing deionized water (10 ml). The first harmonic (l = 1064 nm) of a pulsed Nd:YAG laser (Quanta System SYL 201) operating at a repetition rate of 10 Hz, with a pulse width of 5 ns and 90 mJ per pulse energy, was weakly focused by a lens (focal length = 10 cm) on the Zn target (spot size B2 mm), which was continuously moved via a rotator plate to avoid the laser beam from always hitting the same area and forming craters. The irradiation time was 15 minutes corresponding to a total fluence of 25.8 kJ cm À2 . Atomic force microscopy (AFM) measurements in air were done by two different instruments: a Bruker FAST-SCAN microscope working in the soft tapping mode and using a FAST-SCAN-A probe with an apical radius of about 5 nm, and a multimode V (Veeco Metrology) scanning microscope working in the tapping mode and using a commercial silicon probe having a tip radius o10 nm. All images were acquired on a dried droplet deposited onto a mica substrate. The structure of the produced nanoparticles was characterized by both high resolution TEM (HR-TEM), selected-area electron diffraction (SAED) and mRaman spectroscopy. HRTEM images were obtained using an aberration-corrected FEI Titan 380-300 microscope at 300 kV acceleration tension. The specimens were prepared by dropping the ablated solution over a holey carbon-film copper-grid at room temperature in air.
Confocal microscopy and Raman spectroscopy were performed using a Bruker SENTERRA spectrometer (l = 532 nm, power 20 mW), supplied with a CCD camera and a microtranslation stage, with the maximum spectral resolution being 3 cm
À1
. The UV-Vis optical absorption (OA) spectra were recorded using a double beam spectrometer (JASCO V-560) in a 0.5 cm optical path quartz cell (spectral resolution 2 nm). Time resolved PL spectra of the colloidal solution in a quartz cell (1 cm optical path) were excited using a tunable laser consisting of an optical parametric oscillator pumped by the third harmonic of a Nd:YAG laser. The emitted light was analyzed using a monochromator (with two gratings of 150 or 300 lines per mm and a blaze wavelength of 300 or 500 nm) and acquired by an intensified CCD camera driven by a delay generator (PI MAX Princeton Instruments) setting the acquisition time window, T W , and the delay, T D , with respect to the arrival of laser pulses. Time-correlated single photon counting measurements were carried out using a FLS 980 spectrofluorometer equipped with a pulsed diode light source (EPLED by Edinburgh Photonics, pulse duration 900 ps, excitation wavelength 250 nm) and collecting the signal at 373 nm with a bandpass of 20 nm. The photoluminescence excitation (PLE) spectra were measured using a spectrofluorometer (JASCO FP-6500) and corrected for the intensity distribution of the excitation xenon lamp.
Results and discussion
During the PLAL experiments it is observed that the colorless liquid changed to a coloured suspension, indicating the production of NPs. At the end of 15 min PLAL, we obtained a brownish colloidal solution, which gradually changes to pale yellow in tens of minutes. The results here reported have been obtained on the stable colloidal solution. The AFM image and particle size distribution of NPs are shown in Fig. 1 It is worth noting that the (100) distance, 0.289 nm in our case, is slightly larger than the measured value for bulk ZnO (0.281 nm). 38 This finding can be attributed to a larger lattice parameter a = 0.334 AE 0.001 nm as compared to the expected value of 0.325 nm. It is known that in highly defective nanomaterials the lattice constants can be slightly different with respect to the bulk material; 39 for example, Zeng and co-workers showed a deviation in the ZnO(100) lattice distance from the normal value in highly defective ZnO NPs produced by PLAL. 28 Further information on NPs can be derived by using high-angle annular dark-field imaging (HAADF) TEM combined with Energy-dispersive X-ray spectroscopy (EDXS). The Zn and O content within a single large nanoparticle are determined from EDXS line analysis, by scanning a square region within single NPs. 40 The small increase of the O content within the nanoparticle as compared to that of ZnO, could be attributed to H 2 O and O 2 molecules trapped inside the ZnO NPs during the formation processes involved in PLAL. However, a minor contribution due to the presence of oxygen on the amorphous substrate cannot be excluded. The OA and PL spectra of ZnO NPs dispersed in water are shown in Fig. 3(a) and (b) . The absorption spectrum shows the typical edge of ZnO, from which we estimate the optical band-gap of 3.38 AE 0.01 eV by extrapolating the linear region observed in a Tauc plot (reported in the inset of Fig. 3(a) ), as expected for direct allowed transitions. 41 Such a value is consistent with that of a bulk ZnO crystal in the wurtzite structure. 42 The UV emission reported in Fig. 3(b) , excited at 4.66 eV and detected with a time window T W = 10 ns and a time delay T D = 0 ns with respect to the arrival of laser pulses, has a Lorentzian shape with a FWHM of 0.20 eV and peaked at 3.32 AE 0.01 eV; we note that this value is 60 meV below the optical band-gap obtained from the OA spectrum, matching the value of the exciton binding energy E b in wurtzite ZnO. We observe that, despite the fact that nanoparticle size distribution is quite wide, there is no effect on the luminescence spectrum since almost all NPs are larger than the excitonic Bohr radius (2.34 nm). 1 This PL band is characterized by a sub nanosecond lifetime, hence, in order to estimate the exciton lifetime it is mandatory to take into account the instrument response using a fitting function which consists of the convolution between a single exponential decay function, exp(Àt/t), and a Gaussian curve taking into account the laser profile. Based on this procedure, the inset in panel (b) shows the time decay curve of the PL band and the best fit function to the PL decay from which we obtain the life time of the exciton PL, t = 800 AE 100 ps. This value is much smaller than the reported value in high quality bulk ZnO materials, which reaches several nanoseconds; 43, 44 it substantially agrees with the lifetime in the range of hundreds of picoseconds found in ZnO nanostructures. [45] [46] [47] [48] In these studies, authors suggested that the exciton lifetime is largely determined by non-radiative recombination due to a high defect density, although no obvious correlation was found between the excitonic PL decay times and the defect emission intensities. 45 Time resolved PL allows distinguishing between two different contributions (excitons and defects) of the spectrum, under the same excitation energies. The PL spectrum of Fig. 4 , excited at 4.66 eV and detected with T W = 10 ms and T D = 20 ns, shows a broad green emission centered at 2.2 eV. The PLE spectrum exhibits a sharp threshold at B3.5 eV and appears almost flat at higher energies. This shape indicates that the green band is excited only by photon energies larger than the band-gap, thus suggesting that the excitation initially involves a band-to-band transition producing a free electron-hole pair. The inset of Fig. 4 reports the time decay curve of the PL band in a log/log scale. Data follow two different linear trends consistent with power law time dependence I p t Àa across 5 decades of time; the first one in the region from 20 ns to 40 ms and the second one from 40 ms up to 1 ms. By a fitting procedure we get a = 1.05 AE 0.05 and a = 1.8 AE 0.1 for the two ranges of time, therefore the decay kinetics of the green band follow a power law with I p t À1.05 from 20 ns to 40 ms and a different power law with I p t À1.8 from 40 ms to 1 ms. We observe that, in contrast with previous studies, 49,50 the decay kinetic does not change varying the excitation energy in the whole range of the excitation spectrum (from 3.3 to 5 eV). A power law decay kinetics of the PL intensity with a E 1 has been observed in self-trapped excitons in irradiated single crystals of anatase TiO 2 and attributed to tunneling recombination of trapped electrons and holes. 51 In a recent work Huntley 52 has shown that a power law of the PL decay with a = 1-1.5 can result from the tunnelling of trapped electrons to recombination centres which are randomly distributed in space. Instead, the power law decay for t 4 40 ms nearly matches the hyperbolic t À2 time dependence typical of bimolecular recombination for a balanced donor-acceptor system. 53, 54 Such behavior suggests that the defect PL decay in the first three decades of time is driven by tunneling of trapped carriers to recombination centres (a = 1.05); however, for a sufficiently larger time (t 4 40 ms) most of the electrons or holes come out from their trap, thus the main mechanism becomes a bimolecular recombination (a = 1.8).
Up to now, many point defects have been suggested for the green emission, including oxygen vacancies, antisite oxygen, zinc vacancies, zinc interstitials, and surface states. 3, 26, 33 The most popular attribution of this visible PL is to oxygen vacancies. [27] [28] [29] Since ZnO NPs were synthesized by PLAL in water of a Zn plate, they are formed under Zn-rich conditions; thus the most likely defect types are oxygen vacancies and zinc interstitials, having the lowest formation energy. 1, 5 However, PL and PLE in contrast with the expected results correspond to zinc interstitials in ZnO NPs. In fact, Zeng and co-workers reported a PL band, attributed to zinc interstitial, peaked at 2.8 eV in ZnO NPs produced by PLAL in water of a Zn plate, 28, 55 which is at larger energy compared to the 2.2 eV PL band showed in this work. Besides, the PLE spectrum of this blue PL reveals a peak at energy close to the band-gap (3.2 eV) and also a slowly dropping tail, which continues into the violet region, very different with respect to the sharp-edged green PLE in the UV region described above. 28 Recently, we have provided evidence about the attribution of the green PL to oxygen vacancies. 30 In that work, we acquired online optical measurements (OA and PL) during nanosecond PLAL of a Zn plate in water. We proposed that the growth of defective ZnO NPs is the result of aqueous oxidation of Zn NPs, out of the plume region, slowed down and hindered by water diffusion through the ZnO shell. This causes an incomplete oxidation of zinc leading to slightly substoichiometric ZnO NPs rich in oxygen vacancies. Here, in order to further verify this assignment we performed thermal treatment on the dried colloidal solution of ZnO NPs at Paper PCCP 300 1C at 100 bar of oxygen or in an inert helium atmosphere. The morphological and structural properties of the treated ZnO NP powder in an O 2 atmosphere are reported in Fig. 5(a) and (b) , respectively. The AFM image shows that NPs maintain the size of tens of nanometers as for the untreated sample. Moreover, the SAED pattern demonstrates that ZnO NPs are crystalline and all observed Debye-Scherrer rings can be attributed to the hexagonal ZnO with lattice parameters a = 0.325 nm and c = 0.521 nm. Thus, NPs after thermal treatments preserve their crystalline structure and in addition the lattice parameter a tends to the reported value for defect free ZnO. These results demonstrate that treatment does not produce a significant variation in the structure and particle sizes. The same results have been obtained for ZnO NPs treated in a He atmosphere. Fig. 6 reports the green PL band of the ZnO powder acquired before and after thermal treatment in oxygen and in a helium atmosphere. We note that the excitonic PL is not detected in the powder form of the sample: we suggest that it is quenched by aggregation of NPs. Thus, to acquire the excitonic PL we dissolved the powder of ZnO NPs (treated and untreated) in deionized water. The inset shows excitonic PL, normalized for the optical density at the excitation energy (4.66 eV), acquired before and after the thermal treatments of the powder dissolved in water. The PL measurements of the two signals were performed using the same time parameters as provided in Fig. 3 and 4 . It is evident that the intensity of the green band after thermal annealing in oxygen decreases by about seven times compared to the as grown powder. In addition, we observe a concurrent increase of a factor of three of the excitonic luminescence. In general, competition of the green-and the excitonic-PL emissions is found in ZnO. When the green band is strong, the excitonic band tends to be small or absent and conversely. 27, 47, 56, 57 The mRaman spectra of the ZnO NPs acquired before and after thermal treatments are reported in Fig. 7 . Raman peaks at 334 cm À1 , 438 cm
À1
, and 565 cm À1 correspond to E
2 , E
2 À E (1) 2 and A 1 (LO) modes of ZnO in the wurtzite structure. 58 The most evident change in the Raman spectra induced by thermal annealing involves the intensity of the peak at 565 cm À1 accompanied by a blue shift up to 573 cm À1 which is the expected value for ZnO Bulk. This peak, which dominates the spectrum of untreated ZnO NPs, reduces by a factor of six after thermal treatment. It is worth noting that this mode is almost negligible in bulk ZnO, which is due to the cancelation between the deformation and Fröhlich contributions to the LO phonon scattering cross section. 59 However, oxygen vacancies or zinc interstitials or their complexes are assumed to enhance the A 1 (LO) mode. 57, [60] [61] [62] [63] Indeed, since our ZnO NPs are rich in defects, as usual in most ZnO nanostructured materials, this peak is prominent compared to the E . 60 Overall, the decrease of the A 1 (LO) peak (Fig. 7) , the reduction of defect PL (Fig. 6 ) and the increase of the excitonic PL (inset of Fig. 6 ), observed here upon treatment in O 2 , can be explained as an effect of the reduction of oxygen vacancies. Rather unexpectedly, we found that thermal treatments in a He atmosphere also cause the same reduction of the A 1 (LO) peak (see Fig. 7 ), but they produce a different quantitative effect on the optical properties of the ZnO NPs. In particular, we obtained an intermediate reduction of the green PL (a factor of three) with respect to the oxygen atmosphere (a factor of seven) and a weaker increase of the excitonic PL (as from Fig. 6 ). This annealing effect in a He atmosphere can be explained considering that H 2 O or O 2 could already be present and trapped inside the ZnO NPs left by their formation processes involved during and after PLAL. Consistently, the EDX spectrum shown in Fig. 2c reveals an excess of oxygen for the ZnO NPs. During thermal treatments, these molecules can diffuse through the NPs completing the oxidation process and hence reducing the concentration of oxygen vacancies in ZnO NPs; this leads to the decrease of both green PL and the A 1 (LO) mode and the increase of the exciton PL. In the case of thermal annealing in an oxygen atmosphere we add oxygen molecules which enter the NPs; this process induces a further oxidation and consequently a further reduction of the oxygen vacancies. Consistently we observe a further decrease of the green PL and a concurrent further increase of the excitonic PL. On the basis of our experimental results we propose two mechanisms leading to PL emissions (illustrated in Fig. 8 ): one is the typical exciton emission or near-band-edge emission, i.e., photo-generated electrons recombine with holes in the valence band or in traps near the VB, producing the PL band peaked at 3.32 eV with a lifetime of about 800 ps. As for the visible emission at 2.2 eV related to the oxygen vacancies, the recombination occurs between a hole in the VB and an electron deeply trapped in a singly ionized oxygen vacancy. The energy level of this oxidation state of the oxygen vacancies has been calculated by Janotti and co-workers by density-functional calculations to be about 1 eV below the CB, 5 which is consistent with the peak position of the green PL. We observe that this emission mechanism for the green PL is different from previously proposed models consisting of a recombination involving free electrons in the CB with double-defect centers (oxygen vacancy + zinc vacancy) above the VB, 36 or oxygen vacancies indirectly assisted by zinc interstitials. 37 Finally, in order to take into account the power law decay discussed above, we propose the electron to be temporarily trapped in an unknown trap state (S T in Fig. 8 ).
From this state, the electron tunnels into a double ionized oxygen vacancy which becomes a singly ionized oxygen vacancy defect.
Conclusions
ZnO NPs with an average size of 30 nm were synthesized by PLAL of a zinc plate in deionized water and characterized by time-resolved luminescence and complementary techniques (TEM, AFM, mRaman). HRTEM images show crystalline ZnO NPs in the wurtzite structure with a change in the nanocrystal lattice parameter a as indicated by a larger distance between (100) lattice planes. Consistently, optical absorption and time resolved PL spectra show the typical absorption edge of the wurtzite ZnO (E g = 3.38 eV) and the relative excitonic fast PL peaked at 3.32 eV with a single exponential lifetime of about 800 ps. In addition, we observed a visible PL at 2.2 eV due to the presence of defects in ZnO NPs with a sharp edged excitation spectrum and a power law decay time, which indicates that the recombination is driven by tunnelling of trapped electrons to recombination centres randomly distributed in space. Thermal annealing at 300 1C in an O 2 atmosphere, and to a smaller extent, even in a He atmosphere, produces a reduction of the A 1 (LO) mode at 565 cm À1 , which is related to oxygen vacancies. Fig. 7 mRaman spectrum of the ZnO NPs produced by PLAL acquired before and after thermal treatment at 300 1C at 100 bar of oxygen (red line) and in a helium (blue line) atmosphere. Raman intensity are normalized to the difference between the intensities of the A 1 (LO) Raman peak and background. Fig. 8 Photoluminescence processes suggested for ZnO NPs: (1) typical exciton emission; (2) recombination of a shallowly trapped hole with a deeply trapped electron into singly ionized oxygen vacancies.
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Moreover, thermal treatments lead to a decrease of the green PL demonstrating the relation between oxygen vacancies and the green PL in ZnO NPs, while the excitonic luminescence at 3.32 eV is enhanced. Based on our experimental results we propose a recombination mechanism responsible for the green PL involving a hole in the VB recombining with a deeply trapped electron in singly ionized oxygen vacancies. Besides providing additional information on the origin and mechanism of the green PL, these results underscore the possibility of controlling the intensity of the PL bands of ZnO NPs by thermal annealing procedures.
